Abstract: Reaction kinetics were studied to quantify the effects of polar aprotic organic solvents on the acid-catalyzed conversion of xylose into furfural. A solvent of particular importance is g-valerolactone (GVL), which leads to significant increases in reaction rates compared to water in addition to increased product selectivity. GVL has similar effects on the kinetics for the dehydration of 1,2-propanediol to propanal and for the hydrolysis of cellobiose to glucose. Based on results obtained for homogeneous Brønsted acid catalysts that span a range of pK a values, we suggest that an aprotic organic solvent affects the reaction kinetics by changing the stabilization of the acidic proton relative to the protonated transition state. This same behavior is displayed by strong solid Brønsted acid catalysts, such as H-mordenite and H-beta.
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The use of organic solvents is pervasive in the chemical industry, and recently it has been shown that organic solvents are beneficial in the chemical conversion of lignocellulosic biomass. [1] [2] [3] One such solvent is g-valerolactone (GVL), which can be produced from biomass and displays significant improvements in reaction performance for biomass conversion reactions compared to conversion in aqueous media, such as increased catalytic activity and higher selectivity to desired reaction products. [2, 3] Furthermore, we have reported that the simultaneous conversion of hemicellulose and cellulose can be achieved using GVL as a solvent in a single reactor, eliminating the need for pretreatment and/or separation steps. [4] Recently, we have taken advantage of accelerated rates of cellulose and hemicellulose deconstruction in GVL-H 2 O solvent mixtures to develop a processing strategy to produce streams of C 5 and C 6 sugars (e.g., 130 g l À1 ) from biomass. [5] Other polar aprotic solvents, such as g-lactones and tetrahydrofurans, have also shown comparable benefits to GVL in biomass conversion processes. [3] Herein, we report the effects of GVL and other polar aprotic solvents on acid-catalyzed biomass conversion reactions using acid catalysts that span a range of pK a values. The liquid-phase dehydration of xylose to furfural is catalyzed by Brønsted acids and serves as a probe reaction in the present study. We compare the reactivity trends displayed by these homogeneous acid catalysts in the liquid phase with the performance of solid acid catalysts, the latter of which have been shown to span a range of catalytic activities for the gasphase dehydration of methanol. [6] The catalytic conversion of xylose into furfural is accompanied by various degradation reactions, producing undesirable side products through three prominent degradation pathways: 1) xylose degradation, 2) furfural degradation, and 3) bimolecular reactions between xylose and furfural. We have thus collected reaction kinetics data for xylose dehydration, furfural degradation, and the combined conversion of xylose in the presence of furfural. The simplified reaction network displayed in Scheme 1 is generally accepted in the literature to describe the reaction kinetics for xylose conversion into furfural, [7] and we have employed this scheme to calculate kinetic rate constants from our experimental reaction kinetics data.
Values of the rate constants for each pathway of the reaction network in Scheme 1 were determined to quantify the effects of GVL and other aprotic solvents on the reaction rates for various acid catalysts and reaction temperatures. Table 1 shows the turnover frequencies for reaction 1 (TOF 1 ) using homogeneous acid catalysts. With sulfuric acid (SA) as the catalyst, the use of GVL as a solvent increases the TOF 1 Scheme 1. Reaction network for the acid-catalyzed dehydration of xylose to furfural.
by 30-55 times compared to the values obtained when H 2 O is used as the solvent. Propylsulfonic acid (PSA), a weaker acid than SA, exhibited a 10-fold increase in TOF 1 for GVL compared to the value in H 2 O. Therefore, the reactivity of a homogeneous Brønsted acid catalyst is increased using GVL as solvent, and it appears that this effect is more pronounced for stronger homogeneous acids. More generally, we have found that the high reactivity of a strong Brønsted acid catalyst (i.e., SA) is also observed for other polar aprotic solvents. For example, the results in Table 1 show that polar aprotic solvents such as dioxane and THF also display increased reactivity, similar to GVL.
The apparent activation energies for furfural formation from xylose (reaction 1) and furfural degradation (reaction 2) in H 2 O were determined to be 145 and 85 kJ mol À1 , respectively, which are in agreement with reported literature values. [8] The use of GVL as a solvent changes the energetics of the reaction network for the conversion of xylose to favor formation of the desired furfural product. The activation energy barrier for xylose dehydration (reaction 1) is decreased in GVL (114 kJ mol À1 ), whereas the barrier for furfural degradation (reaction 2) is higher in GVL (105 kJ mol À1 ). Accordingly, furfural selectivities from xylose of up to 75 % can be achieved in GVL using SA as the catalyst, compared to only 50 % furfural selectivity from xylose in H 2 O.
Importantly, we have found that the increased reactivity of a Brønsted acid catalyst in GVL is also observed for other acid-catalyzed reactions, and this behavior is of general significance. For example, the acid-catalyzed dehydration of 1,2-propanediol to propanal displayed an 18-fold reactivity increase using GVL as the solvent compared to the reaction in H 2 O. Furthermore, the selectivity for propanal production increased from approximately 60 % in H 2 O to 75 % in GVL. Increases in reactivity were also achieved for a hydrolysis reaction, which is the reverse of a dehydration reaction. The acid-catalyzed hydrolysis of cellobiose to glucose showed a 30-fold reactivity increase using GVL as the solvent compared to the reaction in H 2 O. These reactivity and selectivity increases for 1,2-propanediol dehydration and cellobiose hydrolysis are similar to those achieved for xylose dehydration to furfural, and these results show that increased reactivity using GVL as the solvent is not limited to xylose dehydration. Accordingly, this behavior is independent of the specific details of the acid-catalyzed mechanism, suggesting that these solvent effects are related to solvation of the acidicproton catalyst.
We consider that these acid-catalyzed reactions are controlled by two processes, the first of which is the dissociation equilibrium of the acid, HB, into its acidic proton, H + , and its conjugate base, B À :
In the second process, the acid-catalyzed conversion takes place through a series of steps, one of which is assumed to be the rate-determining step for simplicity. As shown elsewhere, in this case, the overall rate can be written in terms of a product of equilibrium constants for the steps that are not rate-determining, multiplied by the equilibrium constant for the formation of the transition state for the rate-determining step.
[9] Accordingly, the overall rate can be expressed in terms of a single equilibrium constant (K y 2 , which is a product of the aforementioned individual equilibrium constants) for the formation of the rate-determining transition state from the reactant R, as written below:
The rate of the second process is then given from transition-state theory as:
where k B is the Boltzmann constant, h is Plancks constant, and k 2 is the overall rate constant for step 2. The proton concentration [H + ] can be written in terms of the dissociation constant K 1 :
where HB o is the initial associated-acid concentration. The rate of reaction per unit volume is then given by:
We suggest that the lower reactivity of a Brønsted acid catalyst in water is caused in part by increased solvation of the acidic proton by water molecules. For instance, the standard Gibbs free energy change for solvation of a proton changes from À1113 kJ mol À1 in liquid water to À1089 kJ mol À1 in an aprotic solvent such as acetonitrile. [10] Thus, the proton catalyst is stabilized in water to a greater extent than in an aprotic solvent (DG(H + ) solv = 24 kJ mol À1 for this example), and this proton stabilization would lead to lower reactivity in water, provided that the solvent has a fractional effect (f*DG solv (H + )) on the transition state for the acid-catalyzed reaction relative to stabilization of the reactant, as displayed in Figure 1 . Note that the solvent affects the stabilization of both the proton (H + ) and the conjugate base (B À ), as well as the protonated transition state (RH + † ). According to Figure 1 , the reactivity of the proton, as reflected in the value of the rate constant k 2 , is decreased in water owing to stabilization of the proton relative to the protonated transition state for the acid-catalyzed reaction:
(The value of DG(H + ) solv is negative in moving from an aprotic organic solvent to water.)
An increase in the extent of proton stabilization in water compared to in an aprotic organic solvent affects the acid dissociation constant, thereby altering the number of available acidic protons, which is given by:
The aforementioned effects of DG solv on k 2 and K 1 suggest that the effect of solvation on the reaction rate is a function of proton availability (K 1 ) as well as proton reactivity (k 2 ). This solvation behavior predicts that the activation free energy (DG act ) in water is higher than DG act in aprotic solvents for strong acids, whereas there is only a minimal difference in DG act using weak acids, as shown by the vector diagram in Figure 1 . To test this hypothesis, the TOF values for xylose conversion were determined in H 2 O and GVL using a series of homogeneous acid catalysts (Table 2 ). In the strong-acid regime (i.e., low pKa values), the TOF for xylose conversion remains constant in a given solvent, showing that the conjugate base of the associated strong Brønsted acid catalyst has little effect on proton reactivity. Table 2 shows a decrease in TOF values in both H 2 O and GVL at pK a values of approximately 0 and À2, respectively, associated with the decreased proton availability. Finally, Figure 2 shows that the TOF GVL /TOF H 2 O ratio remains constant for strong acids and then decreases for acids having higher pK a values. This behavior allows us to describe the increase in reaction rates (TOF GVL /TOF H 2 O ) for acid catalysts of differing strengths in GVL compared to reactions carried out in water (Figure 2 ).
Our hypothesis suggests that in the presence of a weak acid (i.e., K 1 !0), the reaction rate is given by:
suggesting that the rate dependence on the acid concentration of a weak acid is of fractional order 1 = 2 . Using the weak acid catalyst phosphoric acid (pK a 2.15), the reaction rate for xylose conversion in H 2 O was confirmed to be of order 0.55 with respect to acid concentration, which is in agreement with our hypothesis.
Having demonstrated that the reactivity of a strong homogeneous Brønsted acid in a liquid solvent is dependent on DG(H + ) solv and independent of the nature of the conjugate base, we can now test whether this behavior in the liquid phase is also valid for strong solid Brønsted acid catalysts. The TOF values for solid Brønsted acids are shown in Table 3 , and a comparison with the results in Table 1 for strong homogeneous acids shows that the TOF values for supported propylsulfonic acid on silica (SiliaBond PSA), H-mordenite (H-MOR), and H-beta (H-BEA) are of the same order of magnitude as the values for SA in GVL and H 2 O. The supported propylsulfonic acid on silica displays a 19-fold increase in TOF 1 using GVL as the solvent compared to the The results of the present study suggest that the reactivity of a strong solid Brønsted acid catalyst in the liquid phase is similar to that of a strong homogeneous Brønsted acid. This reactivity depends on the extent of proton solvation in the solvent, but only little on the nature of the conjugate base. This behavior of a solid Brønsted acid in a liquid solvent is in contrast to its reactivity for a gas-phase reaction. For example, studies of the gas-phase acid-catalyzed dehydration of methanol [6] have shown that the rate constants for dehydration over H 4 SiW 12 O 40 are an order of magnitude larger than those over H-BEA, which is due to the higher deprotonation energy associated with the H-BEA catalyst. In contrast, in our liquid-phase dehydration study, the TOF 1 values are of the same order of magnitude for the H 4 SiW 12 O 40 and H-BEA catalysts in both GVL and H 2 O ( Table 3 ), suggesting that the liquid solvent decreases the disparity in deprotonation energies between heterogeneous catalysts owing to solvation of the acidic proton.
In summary, we have studied the effects of polar aprotic solvents, such as GVL, on a variety of acid-catalyzed biomass conversion reactions and compared these solvent effects to reactions performed in water. Significant increases in reaction rates as well as increased product selectivities were observed using GVL as the solvent. We have shown that the use of GVL as the solvent changes the activation energies for the probe reaction, the dehydration of xylose to furfural. We suggest that the polar aprotic solvents studied here affect the stabilization of the acidic proton relative to the protonated transition states, leading to accelerated reaction rates for these acid-catalyzed biomass conversion reactions. These solvent effects were also observed for strong solid Brønsted acid catalysts, suggesting that the protons of these catalysts become solvated during the liquid-phase catalytic reactions.
